Shape memory alloys (SMAs) are metallic alloys which can recover their shape when they are heated above a certain temperature. The key characteristic responsible for this behaviour of all SMAs is the occurrence of a martensitic phase transformation which is a shear-dominant diffusion less solid-state phase transformation occurring by nucleation and growth of the martensitic phase from a parent austenitic phase. When an SMA undergoes a martensitic phase transformation, it transforms from its high-symmetry, usually cubic, austenitic phase to a low-symmetry martensitic phase. Parent and product phases coexist during the phase transformation. Since the * Corresponding author. E-mail addresses: rupadasgupta@ampri.res.in, dasguptarupa@gmail.com (R. Dasgupta).
Introduction
Shape memory alloys (SMAs) are metallic alloys which can recover their shape when they are heated above a certain temperature. The key characteristic responsible for this behaviour of all SMAs is the occurrence of a martensitic phase transformation which is a shear-dominant diffusion less solid-state phase transformation occurring by nucleation and growth of the martensitic phase from a parent austenitic phase. When an SMA undergoes a martensitic phase transformation, it transforms from its high-symmetry, usually cubic, austenitic phase to a low-symmetry martensitic phase. Parent and product phases coexist during the phase transformation. Since the and ends at A f (austenite finish) when the material is fully austenite. Due to the displacive character of the martensitic transformation, applied stress plays a very important role. During cooling of the SMA material below temperature M s in absence of applied stresses, the variants of the martensitic phases arrange themselves in a self-accommodating manner through twinning, resulting in no observable macroscopic shape change; but applying mechanical loading to force martensitic variants to reorient (detwin) into a single variant, large macroscopic inelastic strain is obtained. After heating to a higher temperature, the low-symmetry martensitic phase returns to its high-symmetry austenitic phase, and the inelastic strain is thus recovered. Again, martensitic phase transformation can also be induced by pure mechanical loading while the material is in the austenitic phase, in which case detwinned martensite is directly produced from austenite by the applied stress (Stress Induced Martensite) at temperatures above M s.
The key effects of SMAs associated with the martensitic transformation induced by temperature or stress, which are observed according to the loading path and the thermomechanical history of the material are: pseudoelasticity, one-way shape memory effect and two-way shape memory effect.
The transformation temperatures exhibited by shape memory alloys are highly dependent on their composition. Little change in their composition will result in large changes in their transformation temperatures. The advantage of being able to change the transformation temperature by changing the composition is that the material can be tailored to attain the desired phase at the application temperature. There are several means of measuring the transformation temperatures of SMA alloys. The two most common methods of measuring the transformation temperatures are by electrical resistivity and Differential Scanning Calorimetry (DSC) measurements.
There are about twenty elements in the central part of the periodic table whose alloys exhibit shape memory like Ag-Cd, Au-Cd, Cu-Al-Ni, Cu-Al-Mn, Cu-Au-Zn, Cu-Sn, Cu-Au-Sn, Cu-Zn, Cu-Zn-Al, Cu-Zn-Sn, Cu-Zn-Ga, Cu-Zn-Si, In-Ti, Ni-Al, Ni-Ti, Fe-Pt, Fe-Pd, etc. However, mainly three alloy systems generally known to exhibit the Shape Memory phenomena have been the focus of research and development. They are Ni-Ti, Cu-Al and Fe based alloys.
Bottom of form
Cu-based shape memory alloys (SMAs) are being seen as prospective alternatives due to its low cost to the more commonly used Ni-Ti ones in applications where biocompatibility is not an issue. However, inspite of its being in the forefront of R&D since long, Cu-based SMAs are still in its developmental stage and seldom commercially available due to defects like low transition temperatures, poor mechanical properties, low ductility and stabilisation of martensite phase or fatigue [1] [2] [3] [4] . The latter is important as the change between the high temperature austenite phase and low temperature martensite phase is actually responsible for the shape memory properties. The areas which still need attention in Cu-Al based SMAs relate to increasing transition temperatures and improving the mechanical properties which is being attempted by researchers through synthesis and development of (i) newer class of SMAs (ii) cost effective and more sensitive SMAs (iii) improve the transition temperature and performance of already existing SMMs through proper composition, heat treatment, etc. (iv) fabrication of new SMAs like thin films, porous and amorphous/nano crystalline types and (v) fabrication of SMAs with temperature memory effect (TME), characterised by a neat delay of the thermally induced transformation to higher temperatures where an additional calorimetric peak appears.
The heat treatment cycle to produce the shape memory effect in potential alloys of Cu-Al system is more or less established and varies marginally with the alloying additions [5] [6] [7] [8] [9] [10] ; but the effect of alloying additions is still an open area of research. In an attempt to improve the performance, different alloy compositions with varying quantities of alloying additions are being investigated worldwide. Known elemental additions include Ni for improved mechanical properties, Mn for ductility, Zn for better transformation temperatures as the ternary addition [11] [12] [13] [14] [15] [16] [17] [18] [19] . Shape memory properties are very sensitive to the percentage of alloying additions; also, minor quaternary additions could still improve upon the properties. Another method of improving the properties is through grain refinement, which is being attempted through the addition of dispersoids and/or grain refiners to prevent grain growth. Vast variations in the ternary additions have been reported; for example in Cu-Al-Ni system targeted for improved mechanical properties, Al variations have been made between 11% and 23%, Ni between 3% and 5% with and without additional additions of Zn, Ag, Nb, Cr, Be, Mn in varying proportions. Again, addition of Zn increases transition temperatures; Zn has been added between 15% and 30%; as also addition of Mn known to improve ductility have been added between 2% and 10% with and without quaternary additions as mentioned above.
In the present paper an attempt has been made to improve the transition temperatures and amount of martensite formation in Cu-Al alloys with ternary additions of Mn, Ni and Zn in varying proportions to study the effect of each addition either alone or as combination with the other elements. The effect of these ternary and/or quaternary additions has been studied on the phases precipitated through micro-structural analysis and X-ray diffraction studies in the cast, homogenised and quenched conditions. The alloys have been subjected to heat treatment cycles to improve upon the microstructure and precipitate the required martensite phase. The effect of all the above has been studied with respect to the transition temperatures. An effort has been made to correlate the findings with the alloying additions.
2.
Experimental details
Synthesising the alloys
Seven compositions of Cu-Al base alloys (Table 1) with varying quantities three ratios of Cu:Al were prepared in which Mn, Ni and Zn were added in some cases. The first alloy is a known ternary alloy of Cu-Al-Zn [20, 21] ; in the second and third alloys, Ni has been additionally added and the ratio of Cu:Al varied; the fourth alloy is again a ternary alloy of Cu-Al-Mn; the fifth alloy has both Mn and Ni and the last two alloys have all the alloying additions of Mn, Ni and Zn. The alloys were prepared using the electric pit furnace (Fig. 1) . Approximately 2 kg of each alloy from metallic raw materials was cast into fingers and plates ( Fig. 2 ) using metallic moulds.
Heat treatment
Samples from the cast alloys were subject to homogenisation treatment at 200 • C for 2 h in a muffle furnace and furnace cooled. In order to precipitate the martensite phase, another set of samples were heated at 920 • C held for 2 h and quenched in iced water; the samples were left in water overnight and removed only after they were completely cooled to room temperature.
Microstructure
The cast, homogenised and quenched samples were polished metallographically using an automatic polishing machine capable of polishing six samples together (Buehler make, Model EcoMet 3000) using standard procedures that include the steps and procedures shown in Table 2 . The microstructure was observed in an optical microscope (LEICA make, Model LEICA DM 6000M and Metalloplan) and FESEM (FEI make, Model Nova Nano SEM 430) were optical micrographs were not properly resolved.
X-ray diffraction studies
X-ray diffraction studies were carried out on the cast and quenched samples (Bruker make, Model D8 Advanced) from 2 10 to 80 • at a speed of 0.01 • /s using CuK␣ target; and the phases identified.
Differential Scanning Calorimetric studies
Differential Scanning Calorimetric studies were carried out on quenched samples using a Differential Scanning Calorimeter (Mettler Toledo make, Model DSC1 STAR e SYSTEM) Approximately 8-9 mg of powder sample was used which was scrapped from the quenched samples. Tests were carried out from room temperature to 550 • C maintaining a constant rate of 10 • C/min.
3.
Results and discussion
Chemical composition
The chemical composition was analysed on polished samples using Sparcmet. The analysis is given in Table 3 along with the proposed composition. The composition analysed matches broadly the prepared composition; however in the presence of quaternary additions, the percentage of Mn and Zn is significantly less than that added; the effect being more pronounced for Zn as compared to Mn.
Microstructure
The microstructure has been observed ( Fig. 3a-g ) in the cast and homogenised conditions. Grain structure with ␣ + ␤ phases is visible in the cast and homogenised condition of all the alloys; which is a pre requisite for martensite formation on quenching [5] [6] [7] [8] . It is known that single ␤-phase grains are the essential requirement for the presence of pseudo elastic behaviour in Cu-based alloys, i.e., prior to quenching. Therefore, it is necessary to eliminate ␣-phase from the microstructure to get a desired single-phase material (i.e., microstructure should consist only of ␤ ′ phase). This is done through homogenisation and the desired (␣ + ␤) microstructure attained to facilitate the evolution of a favourable texture during further processing. The obtained structure clearly indicates that all the alloys have potential for exhibiting the shape memory behaviour. Precipitation in the grains typical of shape memory alloys are also seen in the cast alloys; the most prominent being in the Sample 1. There is a large variation in the grain size of cast alloys (Table 4) . It is observed from the table that even without adding any grain refiners or dispersoids to control the grain size, in some cases the variation within the sample is very small (like in Samples 1, Homogenisation at 200 • C does not affect much the grain size as compared to the cast condition; however, homogenisation at 600 • C increases grain size significantly in most cases. As an example, Fig. 4 illustrates the cast (marked A), homogenised at 200 • C (marked B) at 600 • C (marked C) is shown for Sample 3. Quenched samples also show increased grain sizes probably due to heating at 920 • C before quenching. Sudden quenching too could not restrict grain growth as all the quenched samples have shown an increase in grain size over the corresponding cast condition; however homogenisation has brought about uniformity in grain sizes as seen from the micrographs which show the variation in grain size is significantly less (in most cases uniform) in the homogenised samples. Quenched samples also have maintained this homogeneity.
Quenching from high temperatures was carried out expecting to precipitate the martensitic phases. From the quenched microstructure Fig. 5 , the martensite formation is not marked in all the cases, and shows different patterns. It is seen that in Alloy 1 (Cu-Al-Zn) the precipitated martensite phase is flower shaped typical of ␥-phase is observed [22] . The plate-or spear-like martensite (the zig-zag ␤ ′ phase, most commonly observed in Cu-based SMAs) [20] [21] [22] has been observed in only the quenched Cu-Al-Mn (Sample 4) alloy. Addition of quaternary phases is seen to retain the granular structure the samples. In these samples, precipitation of the martensitic phases is observed in the grains but they are not very well resolved even in the FESEM photographs. Quaternary additions tend to globulise the grains as seen in Fig. D of Sample 7; this can be seen in low magnifications optical micrographs only. It may be noted that some of the samples are very soft and scratches just cannot be removed by polishing like is normally done. Thus a few scratches can be seen even in the best-polished samples.
X-ray diffraction
The X-ray diffraction pattern of the cast and quenched samples of the alloys under study have been plotted in Fig. 6 and the major peaks identified and marked in the figures. In the cast condition, Cu is expectedly the major phase precipitated. In addition to Cu, in some cases peaks of the major alloying additions like Al (in Samples 1-3) and Mn (in Sample 4) has been observed; however due to overlapping d values of the major alloying element Zn its peaks could not be identified for sure precipitation. The cast conditions in all the samples record only the major phases of Cu with the major alloying additions like Al-Cu, Cu-Zn, Cu-Mn, Al 2 Cu. However the effect of quaternary additions was not observed in the X-ray diffraction peaks, mainly because of the small percentages in which it was added and keeping in mind the shortcoming of XRD to identify phases with less than 3% presence. However, a plethora of peaks has been observed in most of the quenched samples. 
Differential Scanning Calorimetric (DSC) studies
The DSC studies indicate clear transformation peaks in all the samples; however the peaks are stronger in some and relatively blunt in the others (Fig. 7) . The transformation temperatures are tabulated in Table 6 Zn and Mn decreases this range significantly; however their presence delays austenite formation and completion (A s and A f ) significantly as compared to the ternary alloys. This means that whereas the alloys without quaternary additions would be better suited for its shape memory properties, ternary alloys would be better suited for higher transition temperatures. It may be mentioned that the Cu-Al-Mn alloys are predominantly targeted for improved ductility, and Cu-Al-Zn alloys targeted for high transformation temperatures.
Effect of alloying additions
Grain structure with ␣ + ␤ phases, a pre requisite for martensite formation on quenching is observed in the micrographs of all the samples, indicating potential for exhibiting the shape memory behaviour. There is a large variation in the grain size of cast alloys (Table 2) . Ternary alloys (Samples 1 and 4) show lower grain size as compared to quaternary alloys; however, presence of any particular element cannot be said to affect the grain size. Tw o typical types of martensitic phase has been precipitated depending on the alloying elements. Flower shaped typical of ␥-phase is observed in quenched Cu-Al-Zn alloys plate-or spear-like martensite [the zig-zag ␤ ′ phase] in the quenched ternary Cu-Al-Mn (Sample 4) alloy. In alloys with quaternary additions, the granular structure is retained even in the quenched condition; however precipitation of the martensitic phases is observed in the grains but they are not very well resolved even in the FESEM photographs.
Identified peaks of the X-ray diffraction patterns confirm formation of martensitic phases in most of the quenched samples. Although a number of phases have been precipitated in some cases, the effect of quaternary additions could not be very clearly estimated in the X-ray diffraction peaks, mainly because of the small percentages in which the additions were made and keeping in mind that XRD peaks relate to only phases with more than 3% presence. In Samples 3, 6 and 7, only martensitic phases have been identified in the quenched condition signifying perhaps completion to the martensitic phase.
Addition of Ni in the Cu-Al-Zn reports a decrease in the transition temperatures when the percentage is Cu is reduced by while maintaining the same Al and Zn contents (comparing Samples 1 with 2 and 3); this again is regained by decreasing the Al content and increasing the Cu content (Sample 4 showing increased A f , M s and M f temperatures) slightly which goes to show how even slight variations can affect the transition temperatures. Presence of Zn in place of Mn (comparing 1 with 6 and 7) is seen to marginally increase the transformation temperatures though the same cannot be said when Ni has been added in either case.
The range of martensite retention is the maximum in ternary Cu-Al-Mn alloys (Sample 4); addition of Zn and Mn decreases this range significantly (other compositions); however their presence delays austenite formation and completion (A s and A f ) significantly as compared to the ternary alloys.
Conclusions
Grain structure with ␣ + ␤ phases, a pre requisite for martensite formation on quenching is observed in the micrographs of all the cast and homogenised samples, indicating potential for exhibiting the shape memory behaviour. Tw o typical types of martensitic phase have been precipitated; flower shaped typical of ␥-phase is observed in quenched Cu-Al-Zn alloys and plate-or spear-like martensite [the zig-zag ␤ ′ phase] in the quenched ternary Cu-Al-Mn alloy. Identified peaks of the X-ray diffraction patterns confirm formation of martensitic phases in the quenched samples.
The DSC studies indicate clear transformation peaks in all the samples. Presence of alloying elements affects the transformation temperatures. The range of martensite retention is the maximum in ternary Cu-Al-Mn alloys; addition of Zn and Mn decreases this range significantly; however their presence delays austenite formation and completion (A s and A f ) significantly as compared to the ternary alloys. This means that whereas the alloys without quaternary additions would be better suited for its shape memory properties, ternary alloys would be better suited for higher transition temperatures.
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